Abstract-Recent advances in attosecond science in combination with the well-established techniques of nanofabrication have led to the new research field of attosecond nanophysics. One central goal is the characterization and manipulation of electromagnetic fields on the attosecond and nanometer scale. This has so far remained challenging both theoretically and experimentally. One major obstacle is the inhomogeneity of the electric fields. We present a general model below, which allows the description of attosecond streaking in near fields. It allows the classification into different regimes as well as the reconstruction of the electric fields at the surface. In addition, we discuss the case of parallel polarization of the streaking fields to the surface, which has so far not been considered for attosecond streaking from metallic surfaces. Finally, we review recent measurements of the electric field and response function of a gold nanotaper. Our results are highly relevant for future attosecond streaking experiments in inhomogeneous fields.
experimental studies of electron and nuclear dynamics on the attosecond time scale starting in the early 2000s. Attosecond science has been growing rapidly ever since [5] [6] [7] [8] . While it was originally limited to atomic, molecular and bulk solids, recent advances have extended it to nanomaterials, which has led to the birth of the research field of attosecond nanophysics [9] , [10] . By studying nanostructures with attosecond measurement tools, the natural time and length scale of the fastest electron processes are combined. Besides many useful applications in ultrafast sensing, microscopy and electron sources, the attosecond nanoscale control of light-matter interaction has the potential to ultimatively lead to the development of ultrafast light-driven electronics [11] [12] [13] [14] with nanostructures. One common challenge in all applications is the characterization and control of nanoscale electric fields on the attosecond time scale.
Using attosecond streaking [15] for the characterization of electric near-fields around nanostructures on attosecond time scales has been proposed in 2007 [16] , shortly after the first experimental realization of the technique in gases [17] . Extensive theoretical research followed [18] [19] [20] [21] [22] [23] . It revealed that depending on how fast the electrons leave the near-fields, the relation of the measured streaking curve to the electric-field at the surface might differ drastically from the case of attosecond streaking in a homogeneous laser-focus. In a limiting case the electron might leave the near-field within a fraction of the field period. The streaking curve would then be directly proportional to the electric field at the surface, which has been termed "field probing" regime [16] . For classifying the different regimes, only recently the concept of a so-called adiabaticity parameter, originally introduced for strong-field photoemission from nanotips [24] , was extended to attosecond streaking [25] . It is defined as the ratio of the escape time to the oscillation period. However the derivation was performed in a rather restrictive model for the temporal evolution of electric fields and therefore the question of applicability of the theory was not fully clear.
Experimentally only recently the realization of attosecond streaking measurements from a nanotaper were reported [25] . It was shown that the electric near-fields around the nanotaper could be reconstructed, thereby pushing the temporal resolution of electric field reconstruction from nanostructures from ∼50 fs [26] to the attosecond time scale. In addition, by comparison with gas streaking measurements, the response function of the taper could be extracted. This paper is organized as follows. First, we theoretically consider the description of attosecond streaking in inhomogeneous near-fields around nanoobjects. We present a generalized Fig. 1 . Illustration of the basic principle of attosecond streaking: An electron is emitted by a weak attosecond-XUV pulse from an atom and subsequently accelerated by a laser pulse. The delay-dependent shift of the final electron velocity allows the reconstruction of the laser pulse as well as the attosecond XUV pulse.
model based on the theory in Refs. [7] , [25] , providing a clear distinction of the different regimes and analytic expressions for relating the near-fields at the surface to attosecond streaking measurements. Secondly, in a simple model, we discuss the attosecond delays in streaking from surfaces in the two extreme cases of grazing and normal incidence. Finally we review attosecond streaking measurements of near-fields around a nanotaper [25] .
II. ATTOSECOND STREAKING
Attosecond streaking allows the reconstruction of electric fields with few attosecond precision. We first consider attosecond streaking in the classical case of a homogeneous field, in order to introduce the concept and some important relations, which we will use later. Then, we discuss the description of inhomogeneous near-fields at nano-objects. Finally, we derive a quantitative relation of the near-field and incident field to attosecond streaking measurement and work out the relevant parameter distinguishing different regimes of attosecond nearfield streaking.
A. Attosecond Streaking in Homogeneous Fields
The principle of attosecond streaking is shown in Fig. 1 . Attosecond streaking relies on the linear photoemission from an atom by an isolated weak attosecond pulse and the subsequent acceleration of the electron in the oscillating laser field of another, intense laser pulse. The typical photon energy of the isolated attosecond pulse lies in the extreme ultraviolet range (XUV, ω ∼ 100 eV). The initial kinetic energy E kin of the electron is given by the difference of photon energy ω and the binding potential I p . The acceleration of the electron in the electric field of the laser pulse changes its final kinetic energy. The change of the kinetic energy depends on the time of emission of the electron. The field strength of the laser pulse is generally chosen such that the electron energy is only slightly changed. By varying the delay Δt of the attosecond XUV pulse with respect to the laser pulse, the temporal structure of both pulses can be obtained from the change of the kinetic energy spectrum of the photoelectrons [15] , [17] .
In the framework of classical mechanics the dynamics of the attosecond streaking process is described by Newton's equation of motion:
where v, −e and m is the electron velocity, charge and mass, respectively. We assume a spatially homogeneous electric field E(t) of the laser pulse. We neglect any static as well as magnetic fields. The final velocity v final of an electron emitted at time t 0 with velocity v 0 can be obtained by integrating Eq. 1 from t 0 to ∞ and using the relation of the vector potential A(t) to the electric field
where we used A(∞) = 0 for an oscillating laser pulse. Taking the Fourier transform with respect to the delay t 0 and inverting the relation, the electric field in the frequency domain E(ω) can be obtained:
Above and in the following we use the convention that the use of the temporal or frequency domain is indicated by the variables t or ω, while the symbols for the physical quantities stay the same. In the case of spatially inhomogeneous fields the total electric field consists of the incident field and the localized, excited near-fields and is therefore position-dependent. The experimentally measurable change of the electron velocity will yield some effective field E eff (ω), which has to be related theoretically to the actual near-and incident field. In order to do so, we have to consider the light interaction with nanoparticles.
B. Description of Near-Fields at Nanoparticles
Nanostructures exhibit unique features in the interaction with light. The evanescent electric fields near nanoobjects (nearfields) show an enhancement of the electric field strength up to several orders of magnitude and confinement down to few nm, well below the diffraction limit of light. This is illustrated in Fig. 2(a) , where the maximum electric field strength around a gold nanotip is shown, computed by a commercial finitedifference time-domain solver (Lumerical Solutions, FDTD 8.9). The field strength is normalized by the strength of the incident laser pulse. It is given by a 4.5 fs (intensity-FWHM) laser pulse centred at a wavelength of 750 nm and is polarized parallel to the nanotip. Both field enhancement and confinement at the tip apex are clearly visible. At the front side of the nanotip the near-field also varies on a subwavelength scale but is reduced in strength.
It is useful to make the description of the electric near-fields around a given nano-object independent of the temporal structure of the incident field. Therefore the concept of response functions is introduced in the following. In the framework of linear Maxwell's equations in the frequency domain, the total field at a given point depends linearly on the excitation field: E tot ( r, ω) = R( r, ω) · E 0 (ω). The response function R( r, ω) is in principle represented by a 3 × 3-matrix, however fixing the polarization of the incident field and considering only a single component of the total field, reduces it to a scalar function. Fig. 2(b) and (c) show the absolute value and phase of the response function for the red and blue points shown in a) (apex: blue dashed-dotted, shank: red dashed-dotted) and both field components parallel to the nanotip axis. The incident Gaussian beam is focused onto the nanotip apex with a waist of 3 μm. For comparison the response function of the pole of a gold nanosphere (blue) and the frontside of an infinite cylinder (red) calculated by Mie-theory (MatScat [27] ) are shown. The sphere shows a significantly higher field enhancement than the apex and yields only roughly a similar positive phase. The response functions of shank and infinite cylinder in contrast show a good agreement, both yielding a decrease in field strength and a negative phase. We note for later reference that the fields at the apex and shank obey different boundary conditions (see e.g. [28] ), which is connected to the different behaviour of the response function. At the apex, the incident field is polarized normal to the surface, yielding the boundary condition 1 E 1 = 2 E 2 and a sudden change of the electric field at the surface. On the shank however, the incident field is parallel to the surface, resulting in E 1 = E 2 and the continuity of the fields across the surface, which can be seen in Fig. 2(a) . In all response functions the transition to the free-electron-like behaviour of the dielectric function of gold (taken from [29] ) at 500 nm is visible. The goal of attosecond near-field sampling is not only to measure the total electric field at a nanostructure, but to extract the response function of the nanosample. This requires knowledge of the incident field, which for example can be obtained by streaking in noble gases.
In order to obtain a general description of near-fields, the spatial dependence has to be considered. As usual in scattering theory, we divide the total field E tot into incident E 0 and scattered fields E scatt [30] :
A fundamental aspect of nano-optics is that the presence of nano-objects allows to confine light below the diffraction limit [28] . A general solution for the scattered field of Maxwell's equations is of the form e ik x ·x+ik y ·y −iω t (setting k z = 0 for simplicity). Due to the nanostructure one component of the wavevector can be purely imaginary, while still fulfilling the dispersion relation of free space k
where c is the speed of light. This can be realized by increasing the other component beyond ω/c. It is the complex component that describes the field confinement. It can be related to the near-field decay-
. Thus the near-fields around nanostructures are generally described by a superposition of decaying fields of the form E scatt ∝ e −x/l f . Fig. 2(d) shows the absolute values of the scattered fields away from the pole of a sphere (blue) and the front side of a cylinder (red), as shown by the inset. The dashed lines show a fit of the scattered fields to an exponential function a · e −b·x , where a and b are complex values. Both cases are fairly well approximated by single exponential decaying functions, with better agreement for the sphere. While the pole shows almost a purely exponential decay, the fields of the cylinder also shows some propagating character. We mention that the decay-length is typically on the order of the size of the geometric features of the nanostructure. Having worked out the general spatial dependence of near-fields, we are ready to consider attosecond streaking in such fields.
C. Attosecond Streaking in Inhomogeneous Fields
The model presented in the following section is a generalization of the models presented in Refs. [7] , [25] , thereby significantly increasing the applicability to experiments. For describing a general near-field, we consider a one-dimensional model, taking into account the decay length of the central spectral component of the laser pulse and write the total field as:
with a homogeneous incident field E 0 and the scattered field E scatt . The problem in solving Eq. 1 is the spatial dependence of the field. Recalling that the intensity of the laser pulse is chosen such that the variation of the kinetic energy is just a small fraction of the total kinetic energy, we can expand the electric field E, the electron velocity v and position x in terms of a small parameter as follows:
where we implicitly solved the zeroth order equation of motion. Basically in zeroth order, when considering the position, we are ignoring the change of velocity of the electron. In first order the equation of motion reads:
The r.h.s. of Eq. 9 has only a temporal dependence. The electron thus experiences an effective field with only temporal dependence and the equation of motion is solved analogously to Eqs. 1, 2, 3. The effective field as measured by attosecond streaking in an inhomogeneous field relates to the incident and scattered fields by Fourier transforming the above expression:
where we have used the field at the surface E surf = E 0 + E scatt (x = 0) and introduced the adiabaticity parameter δ [25] :
where T esc is the escape time from the near-field defined as T esc = l f /v 0 . For details of the derivation and the relation to the adiabaticity parameter in strong-field photoemission as well as to a generalized adiabaticity parameter, we refer to the appendix. A schematic illustration of the electron propagation in nearfields for different adiabaticity parameters is shown in Fig. 3(a) . We note that the relation of the effective field to the surface and incident fields only depends on the adiabaticity parameter. We call the functions determining the proportionality of E eff to E surf the surface field function f surf (δ) and E eff to E 0 the incident field function f 0 (δ).
These functions contain the information about the proportionality and the relative phase of the measured effective field to the surface field and incident field with varying adiabaticity parameter. The absolute value and phase of the two functions are shown in Fig. 3(b) and (c). By examining the behaviour of these functions we can identify three different regimes of attosecond streaking in near-fields: 1) "ponderomotive regime" δ > 1: The escape time of the electron from the near-field is much larger than the period of the field. The electron experiences a quasi homogeneous field during an optical cylce. The measured field E eff is quasi identical to the surface field E surf , as f surf has an amplitude of almost unity and zero phase, while f 0 has nearly zero amplitude. 2) "intermediate regime" 0.05 < δ < 1: The electron starts to experience the inhomogeneity during one cycle. The impact of the surface field function decreases while the incident field function increases in amplitude. Moreover the surface field function starts to shift out of phase while the incident field function, which was shifted by −π, starts to get in phase. 3) "field probing regime" δ < 0.05: The electron leaves the near-field almost instantaneously in a fraction of a cycle and sees a quasi-static near-field. The naming has been introduced in Ref. [16] . As the phase of the surface field function is π out of phase with E eff , the measured streaking trace is directly proportional to the surface field, if we ignore the incident field. However we note that the amplitude of the surface field function approaches zero while the incident field function approaches unity and is in phase. The actual measured quantity will thus depend on the ratio of the field strength of surface field and incident field and the naming of the regime might have to be reconsidered. The limitation of the field probing regime is further illustrated in Fig. 3(d) where the surface field sensitivity s = |f surf /f 0 | is shown. If s multiplied by the field enhancement |E surf (ω)/E 0 (ω)| is greater 1, the surface field dominates the measured effective field, otherwise the incident field. In order to probe the surface field in the "field probing regime" the minimum possible field enhancement is greater than 10. This is illustrated in the extreme, where we shrink the nanosystem to a single atom or molecule where the incident laser pulse excites a polarization field.
Knowledge of the adiabaticity parameter allows reconstruction of the surface response function R(ω) = E (ω ) E 0 (ω ) from the measured effective and incident fields:
The presented model can in principle be extended to complex near-field decay length l f and even a superposition of near-field components with different decay-lengths for a more precise description of the attosecond streaking process if the specific near-fields are known. However, such an extension is less general and more complex without offering additional insight and is therefore not discussed here. Fig. 4 . Illustration of the different boundary conditions encountered in attosecond streaking from solids and its effect on streaking delays in a simple model: (a) grazing incidence geometry where the electric field is damped on a few angstrom length scale. Electrons originating from inside the solid only feel the electric field as they penetrate the surface. (b) normal incidence geometry: Since the normal component of the electric field is continous and only decays with the field decay length (few nanometers), all the electrons from within the emission depth feel a similar electric field as those having crossed the surface.
III. STREAKING TIME DELAYS
Attosecond streaking received a lot of attention, when it was applied to measuring photoemission from several different initial states of the same system simultaneously. It was found that relative shifts of the streaking curves for different initial states of atoms or solids can be on the order of 10-100 as [31] [32] [33] [34] . Such shifts are called relative streaking delays. They can be interpreted as the photoemission process not being instantaneous but occuring with some time delay τ s with respect to the incident laser [34] . For the cases discussed here this means that also the reconstructed electric field will be shifted with respect to the actual electric field of the laser pulse. The absolute streaking delays are not accessible experimentally and have to be extracted from theory. For experiments, where electric fields obtained from streaking from gases to streaking from nanoobjects are compared, an estimation of the effect of absolute time delays is necessary. We note that closely related time delays are found in another attosecond measurement technique [35] , the so called RABITT-method [36] , enlarging the amount of relevant literature [35] , [37] [38] [39] .
For gases a number of theoretical studies exist and we refer to [34] for a review. In a recent study on neon for photon energies above 70 eV, the energy range relevant for the experimental results presented later, the absolute streaking time shift lies below 10 as [40] .
For solid surfaces the situation is more complicated. We want to point out that there are two different extreme cases of geometries to consider in streaking from metal nanobjects. These are closely related to the two different boundary conditions of the electric field discussed in Sec. II-B. So far only one of them is dealt with in studies related to photoemission from extended solid surfaces, despite the large amount of theoretical studies [41] [42] [43] [44] [45] [46] . The reason is that all related experiments up to now were performed on flat macroscopic surfaces. The two different geometries are illustrated in Fig. 4(a) and (b) . In both cases the electrons are detected at the top.
The first one shows the usual situation. Both laser pulses illuminate the surface under grazing incidence. The optical pulse is shielded on the length scale of the electrostatic screening length l D inside the solid, which is for metals on the order of a single atomic layer. The field strength of the field inside the material relative to the surface field is given by the Maxwell boundary condition for grazing incidence (see Sec. II-B). It is given by 1/| |, which is around 4% for gold at 800 nm [29] . Earlier streaking experiments on a tungsten surface with varying Mg-overlayer thickness could deduce a screening length of ∼1Å [47] . The XUV beam on the other hand can penetrate into the solid, leading to photoemission not only from the surface but also from within the solid. The emission depth l em from which electrons can escape the surface is mainly limited by the length scale of inelastic scattering, the so called inelastic mean free path, which is usually larger than the screening length. In this geometry, electrons which are excited within the metal take some time to reach the surface, only then they start to experience the streaking field. For electron energies below 30 eV a recent experimental study comparing argon gas with a macroscopic flat gold surface by using RABITT, yielded relative delays on the order of 100 as [39] . For higher energies, the delay is generally expected to be smaller. An estimate of the absolute streaking delay is given by the ratio of the average escape depth and the electron velocity inside the metal, giving around 60 as [48] , [49] ignoring details of the bandstructure.
The situation is different for the geometry depicted in Fig. 4(b) . There the incident electric field is polarized parallel to the surface. Now we only consider the electrons that are emitted quasi-parallel to the surface, since only if they propagate parallel to the polarization direction they will experience a significant energy shift due to the streaking field. The electric field is continuous across the surface and only decays with the screening length (30 nm [29] ). This is much larger then the emission depth and therefore all electrons feel the streaking field from the time of birth.
Although this is a very crude description, which ignores any quantum effects, we expect the absolute streaking time delay for this geometry to be below 10 as. Since there are to date no theoretical studies for this second geometry, we assume as a working hypothesis negligible streaking delays, but keeping in mind that when comparing the electric fields reconstructed from gases and nanoobjects, there might be systematic errors on the order of ∼50 as for the first and ∼10 as for the latter geometry. Only recently a RABITT experiment compared attosecond time delays in photoemission for grazing incidence and quasi normal incidence and strongly supported the above simple ballistic electron transport model in the framework of macroscopic Maxwell's equations [50] . For nanotips both boundary conditions are found, the grazing incidence geometry for electrons emitted from the nanotaper apex and the normal incidence geometry for the nanotaper side. As will be discussed below, for the measurements in this work, only the latter has to be considered and therefore merely minor streaking delays are to be expected.
IV. EXPERIMENTAL SETUP FOR ATTOSECOND STREAKING FROM A NANOTAPER
The laser and the experimental setup used for the measurements presented in this paper are shown Fig. 5(a) and (b) . The laser setup consists of a Ti:sapphire oscillator (Femtolasers Rainbow), generating ∼7 fs pulses with 3.5 nJ at 70 MHz centered at 800 nm. The carrier-envelope phase (CEP) of the pulses is measured by a f-to-0 module [51] , which provides feedback for the CEP-stabilization (Menlo Systems) inside the oscillator. The oscillator output is subsequently amplified in a multipass chirped-pulse amplifier (FemtoPower Compact Pro), yielding 21 fs pulses with 2 mJ at 1 kHz. The pulses are then focused into a hollow-core fiber filled with 2 bar neon for spectral broadening via self-phase modulation and self-steepening. Afterwards the dispersion of the pulses is compensated by chirped mirrors. A part of the output beam is sent into the f-to-2f-module for measuring the CEP of the amplified short pulses. A feedback is provided to one prism in the pulse compressor after the CPA-multipass amplifier to compensate for slow drifts of the CEP. A wedge pair serves for fine tuning of the dispersion. Finally pulses with a duration of ∼ 4.5 fs and ∼400 μJ are sent to the experimental chamber. There the laser pulses are focused into a neon gas jet for high-harmonic-generation (HHG) with an intensity of ∼ 5 · 10 14 W/cm, where extreme-ultraviolet (XUV) pulses are generated. The subsequent spectrometer section allows for the spectral characterization of the generated XUV-pulses. A two-part filter made of material which is only transmissive for either IR (nitrocellulose pellicle) or XUV (Zr foil) is used to spatially separate the fundamental laser pulse and the XUV-light. In the experimental chamber a two-part mirror is used to focus the pulses onto the streaking targets. The inner part can be moved by a closed-loop piezo stage (PI P-752) relative to the outer mirror, thereby reproducibly creating a delay between the two pulses. The double mirror has a special coating selecting a spectral range of 7 eV centered around 93 eV, which defines the energy range of the final isolated attosecond pulse. The streaking targets consist of a nanotip and a gas nozzle mounted on a 3D-translation stage, which allows placing either target in the focus. The gas nozzle is used to optimize the generation of isolated attosecond pulses and the attosecond streaking and it also serves as a measurement of the incident field for the later measurements on the nanotips. The photoemitted electrons are measured by a time-of-flight spectrometer (TOF). The timing of the electron signals is recorded by a multiscaler card. Fig. 5(c) shows an SEM image of a gold nanotaper used in the experiments. It is produced by the lamellae drop-off technique [52] . The employed nanotapers usually have a radius of ∼100 nm and a small full opening angle of around 10
• . Therefore the tip geometry for the electric field calculations shown in Fig. 2 matches the tips used in the experiment fairly well.
The attosecond streaking experiments are performed in neon and the nanotaper under the same laser conditions. The electron countrate from strong-field photoemitted electrons from the nanotaper, which is highly sensitive to the field enhancement at the nanotip apex, is used to ensure reproducible positioning of the nanotaper in the IR-and XUV-focii (size ∼15 μm and ∼3 μm respectively).
In order to not destroy the nanotip samples the laser intensity should not exceed the damage threshold. On the other hand, the intensity has to be high enough to yield streaking amplitudes on the order of few eV. Using Eq. 2 and the parameters of our experiment a minimum intensity of ∼ 2 · 10 11 W/cm 2 is obtained. This is below the damage thresholds for surfaces [53] and even clearer below that of nanotips [54] . Laser irradiation might lead to a slight smearing of the Fermi edge [55] , [56] , which is however below the resolution of our experiment.
V. EXPERIMENTAL RESULTS FOR ATTOSECOND STREAKING FROM A NANOTAPER
An experimental streaking spectrogram, the electron kinetic energy spectrum for different delay steps, obtained from a nanotaper is shown in Fig. 6(a) together with the neon gas reference spectrogram b) taken under the same laser conditions. Clear oscillations can be observed in both spectrograms and close inspection shows a time shift between the oscillation. In order to quantify the shift of the two spectrograms, streaking curves have to be extracted from the spectrograms. The streaking spectrogram from neon shows a clear, nearly Gaussian kinetic energy spectrum for each delay step. By contrast, for the nanotaper the spectrum is significantly broadened and no clear peak shape in discernible below the cutoff of the spectrum. This could be due to inelastic scattering of the XUV-emitted electrons with surface plasmons [57] [58] [59] . However the statistics are too low to clearly discern plasmon satellites. The broadened spectrum together with low statistics prohibits standard retrieval methods [60] of attosecond streaking curves used in earlier analysis of attosecond streaking from solids. We therefore concentrate on the high-energy cutoff of the spectra, to which we fit a Fermi function for each delay. The turning points of the Fermi function are taken to define the raw streaking curve (dots). For consistency the same analysis has been applied to the gas streaking. There it could be shown [25] that the extracted streaking curves are in very good agreement with the FROG-CRAB method [60] .
Remarkably, the streaking trace from the nanotaper is relatively homogeneous. From the theoretical calculation of the electric fields around the nanotaper (Fig. 2) two different streaking curves with different oscillation amplitudes and phases are expected, if contributions of both the nanotaper and the nanotip apex were visible. Comparing the area of the enhanced field with the area of the nanotaper side illuminated by the XUV-beam, we can conclude that the apex contribution is not visible with the limited statistics in our measurements. This is further supported by scanning the nanotaper through the XUV-focus. The position-dependent countrate from XUV-photoemission practically shows the outline of the nanotaper. Furthermore, MonteCarlo simulations of the streaking traces support this assumption [25] . We thus conclude that the streaking spectrogram is constituted by electrons originating from the nanotaper side.
In order to remove noise, the curves are Fourier transformed. Then a lowpass filter is applied, removing all spectral components below 400 nm with a linear increase of the transmission filter to unity at 450 nm. These spectral components were not present in the incident optical laser pulse and can therefore be considered noise. Finally, the curves are transformed back into the time-domain. The resulting streaking curves are shown in Fig. 6(c) as solid lines. Now, a clear time shift Δt is visible, here about ∼500 as. In order to obtain the effective field E eff and the incident field E 0 , we directly use the streaking curves T kin (t 0 ) from the gas and nanotaper:
For the calculation of the derivative the lowpass-filtered curve in the Fourier-domain is used. In order to relate the effective field reconstructed from the nanotaper streaking to the surface field and the incident field, the streaking regime has to be examined. For this we use the theory laid out in section II. The electron velocity at a kinetic energy of 100 eV is approximately given by 6 nm f s . From the SEM pictures of the nanotaper [see Fig. 5 (c)], the geometric dimensions and the resulting field decay-length can be estimated to be on the order of ∼50-100 nm. Taking into account an oscillation period T 0 between 1.5 fs and 3 fs for the covered spectrum, we obtain an adiabaticity parameter δ between ∼2.5-10. This is still in the ponderomotive regime, even though the near-fields around the nanotaper change on a few nanometer length scale. In the reconstruction we can therefore to a very good approximation set f 0 = 0 and f surf = 1 and take E eff to be the surface field E surf .
The amplitude and phase of the reconstructed response function of the nanotaper is shown in Fig. 7(a) and (b) , by analysing a set of measurement taken on different days. The response function E sur f (ω)/E 0 (ω) is calculated from the streaking curves with the help of Eq. 3 and Fourier-Transform. The raw datapoints are shown as crosses. Their position on the wavelength-axis depends on the delay range covered by the individual streaking scan as well as on the delay stepsize. A mean response function is extracted by averaging the linearly interpolated responses from different scans at equally spaced wavelength values (dots) together with the corresponding standard deviation (errorbars). The individual scans are weighted by the total number of electron counts. The green areas show the expectation for the response function obtained by averaging the calculated reponse from a tapered nanowire. An apex radius of 50 nm and full opening angle of 10
• has been assumed. The response is averaged over 10000 points on the surface of the nanotaper, with a distribution given by the profile of the XUV-beam that hits the nanotaper. The width of the green area corresponds to the standard deviation. The amplitude shows good agreement with the theoretical expectation. The experimentally extracted phase seems to be slightly shifted with respect to theory, but still shows decent agreement considering the width of reconstructed and theoretical response. Fig. 7(c) shows the temporal evolution of the reconstructed electric field (red solid line) from the nanotaper measurements shown in Fig. 6 together with the expectation (green area), calculated by using the extracted incident electric Fig. 6(a) . The green area represents the expectation for the electric field by using the input field in Fig. 6(b) and the averaged response function of (a) and (b). (a) and (b) adapted from Ref. [25] , (c) adapted from Ref. [10] .
field and the amplitude and phase of the theoretical expectation shown in a) and b). There is very good agreement, illustrating successful implementation of the near-field sampling. By measuring the response function, the electric field for any incident laser pulse can in principle be predicted.
VI. CONCLUSION AND OUTLOOK
We have presented a general model for attosecond streaking in near-fields, which is of high relevance for future attosecond experiments on nanostructures. We identify the adiabaticity parameter δ, defined as the ratio of escape time of the electron from the near-field to the oscillation period, as the relevant parameter for classifying three different regimes of attosecond streaking. In terms of this parameter, the model furthermore provides quantitative expressions relating attosecond streaking curves obtained from experiments to the surface near-field and response function. In the future, by changing the XUV energies and with this the streaking regime, it might be possible to obtain information on the spatial characteristics of the near-fields.
Moreover we identified two different photoemission geometries, which can be found in attosecond experiments from metal surfaces in connection with absolute photoemission time delays.
Usually both cases are encountered simultaneously in streaking experiments on nanostructures. For laser pulses with normal incidence and photoemission close to parallel to the surface, the electric field is quasi homogeneous over the emission depth. From simple considerations, it could be concluded that the delays due to electron propagation within the solid should be absent. Future more elaborate theoretical studies are however highly desirable.
Finally, we presented experimental attosecond streaking experiments in the near-field of a gold nanotaper. With the help of the theory presented in the first part, we are able to extract the electric near-field on the surface of the nanotaper with attosecond resolution. The demonstration of the different regimes of attosecond streaking in near-fields derived in the first part of the paper are left to future experiments as well as the measurements of single hotspots such as the nanotaper apex. Finally, by comparing the nanotaper results with the attosecond streaking experiments on neon under the same laser conditions, we demonstrate the ability to extract the response function of the nanotaper. The results are compared to theoretical expectations and generally good agreement is found. The measurement of the response function is of high relevance for any ultrafast application, because the temporal evolution of the near-field for any incident laser pulse can be predicted. Combining our approach with photoemission electron microscopes (PEEM), could give access to the attosecond fields on a nanometer scale, without prior knowledge of the geomtery of the nanostructure [16] . This will allow building more complex and functional nanostructures and enable the development of field-driven electronics.
APPENDIX DERIVATION OF THE EXTRACTION FUNCTION
By expressing the effective field of Eq. 9 in the Fourier representation of the the incident and scattered fields, we obtain: E eff (t) = E 0 (w)e −iω t + E scatt (ω)e
where we put the temporally decaying term under the integral. This expression can easily be integrated to yield:
(17) At t = ∞ the integral over t of the first term is zero for the same reason as in Eq. 2. The second term is zero, because of the exponential decay. Note that in the final expression the exponential decaying part has disappeared from the exponential of the second term. This leaves us with
from which Eq. 10 follows immediately. Concerning the adiabaticity parameter δ = l f v 0 ·T 0 , we note that in strong-field photoemission in inhomogeneous fields another adiabaticity parameter δ sf has been identified δ sf = l f l q in Ref. [24] , where l q is the quiver amplitude of an electron in a homogeneous field. δ sf follows directly from Newton's equation of motion with an inhomogeneous near-field:
where f(t) is the normalized temporal shape of the near-field. By introducing dimensionless variablesx = x/l f ,t = t/T 0 and v = v · T 0 /l f , by considering the length and time scale of the equation and rearranging it, we obtain:
(20) The strong field adiabaticity parameter δ sf is the only parameter in a dimensionless equation and therefore determines the strongfield dynamics.
The final expressions appear similar, the decay length of the field is related to the length scale of electron motion. We can therefore define a generalized adiabaticity parameter δ nf of electron dynamics in inhomogeneous near-fields as:
where l f is the near-field decay length as above and l T 0 is the distance an electron travels during an optical cycle. We can consider the adiabaticity parameter of attosecond streaking and of strong-field to be different realizations of the same generalized adiabaticity parameter. However, we want to point out that two very different dynamics are described. In the latter case electrons move on oscillatory trajectories and depending on the subcycle emission time might be recolliding with the surface. By contrast in the former case, they move on quasi straight trajectories. Although it might be surprising that the electron dynamics can be described by the same generalized parameter, we note that it comes out very naturally since it connects the only two relevant length scales of the problem.
